To predict the 1-octanol/H2O partition coefficient, log P, based on molecular structures, we calculated the solvent accessible surface area and the solvation energy difference of 166 organic molecules between 1-octanol and water environments with the ab initio molecular orbital self-consistent reaction field method, and then analyzed the relationships among the measured log P values with these two structural quantities by multiple linear-regression analyses. Physicochemically meaningful correlations were obtained, suggesting that non-hydrogen bonding and hydrogen-acceptor molecules behave similarly to each other in partitioning, but that hydrogen-donor molecules behave differently from the former molecules. The results provide a new computational approach for predicting log P.
Introduction
The 1-octanol/water partition coefficient, log P, has for a long time been known to be one of the quantitative physical properties that correlates with biological activity. 1 It is a conventionally used hydrophobic parameter in studies of quantitative structure-activity relationships and in the early stage of an environmental risk assessment for a chemical. 2 The shake-flask method 3 is a standard procedure to experimentally determine the log P values. This is because this method requires no standard materials for the calibration. However, various other methods have been proposed because the shake-flask method is time-consuming and laborious. In our previous papers, we reported a novel method for determining the log PCL (CHCl3/H2O) values based on a flow ratiometry coupled with a continuous-flow extraction method. 4, 5 Although it is also very important to theoretically elucidate the partition phenomenon based on the solute/solvent molecular structures, it is difficult to approach this matter directly, mainly because of the complexity of the phenomenon between two condensed states consisting of a huge number of characteristic particles.
Several reports have been published about predicting log P by molecular orbital (MO) calculations for a solute molecule. 6 Yamagami et al. recently proposed a new hydrogen-bonding accepting scale parameter, SHA, of a solute molecule in various dielectric environments by the semi-empirical MO with the COSMO 7, 8 (conductor-like screening model) method. 9, 10 They successfully analyzed the relationships between the observed log P and log PCL values of variously substituted diazines using the SHA parameter.
In this study, we calculated the solvent accessible surface area as the major entropic term in solvation and the solvation energy difference of more than a hundred organic solute molecules between 1-octanol and water environments by the ab initio MO-SCRF (self-consistent reaction field 11 ) method. We then examined the relationships between the observed log P value with these two terms by multiple linear-regression analyses. We focused on finding out how the entropic and enthalpic terms in the log P value vary depending on the hydrogen-bonding effects.
Data Sets and Calculations

Data set
A hundred and sixty six molecules of relatively small size were randomly selected so as to cover the basic structures of organic compounds as much as possible, and their observed log P values were cited from the literature. 12 They have diverse structures, including C, H, N, O, S, F, Cl and/or Br.
The molecules studied here were grouped into three classes: Class I, non-hydrogen bonders (74 molecules); Class II, hydrogen acceptors (41); and Class III, hydrogen donors (51). Tables 1 -3 list the Class I -III molecules along with the log P values and parameters.
Ab initio MO calculation
The geometry of the molecules used here was fully optimized by Hartree-Fock (HF) MO calculations with the 3-21G* basis set (HF/3-21G*) in the Gaussian 98 package. 13 For a molecule with the possibility of multiple local energy minima, a conformational analysis by HF/3-21G* was carried out, and the structure of the global (lowest) energy minimum conformer was used for the following procedures.
A density functional theory (DFT) was applied because this method is known to be able to yield ground-state properties, especially ground-state charge distributions. The solvation energy, ∆E, i.e., the transfer energy from vacuum to solvated states, was calculated using a combination of the DFT method, B3LYP 14 with the 6-31G* basis set (B3LYP/6-31G*) and the SCRF method, PCM (polarized continuous model 15 solvation energy difference, ∆∆E (∆E(1-octanol) -∆E(water)), of a solute molecule between two solvent systems, 1-octanol (dielectric constant = 10.4) and water (78.4), was thus obtained.
In the PCM calculations, the cavity surrounding a solute molecule was defined using Bondi's atomic radii 16 of atoms in the molecule with scaling factors of 1.0 for acidic hydrogen and 1.2 for all other atoms. Figure 1 represents the above procedures schematically.
Solvent accessible surface area
The solvent accessible surface area (ASA) has been empirically known to be related to the free-energy change from water to organic molecules. 17 ASA of a solute molecule was originally defined as the area described by the center of a solvent molecule that rolls over the van der Waals envelope of the solute. We used the same atomic radii in the ASA calculations as in the PCM calculations, while taking zero as the radius of the solvent molecule. The thus-obtained ASA was the sum of the surface areas of individual atomic species, such as ASAC, ASAH and ASAO.
Multiple linear-regression analysis
We have assumed that the log P value is expressible with the enthalpic term, ∆∆E, and the entropic related term, ASAi:
In Eq. (1), coefficients a and bi and the constant c are determined by multiple linear-regression analyses as the dependent variable, the observed log P value. An analysis was carried out for each data set for Classes I -III, and then for the combined data set. 
Results
Using the data sets listed in Tables 1 -3 , we examined Eq. (1) statistically by multiple linear-regression analyses. Equation (2) was formulated for Class I with the free-energy related variables in partition, ∆∆E and ASAi. In this and the following equations, n is the number of molecules, r is the correlation coefficient, s is the standard deviation, and F is the ratio between the regression and residuals variables. The figures in parenthesis are the 95% confidence intervals of the regression coefficient and the intercept. The level of significance of the independent variable terms was checked by the t test; the t score was also recorded in each correlation equation. Equation ( 
Discussion
Validating Eqs. (2) -(5), we compared these equations with Eq.
(1), which can be derived from the original definition of the 1octanol/H2O partition constant (P),
where C1-octanol and CH2O are the equilibrium concentrations of a solute in 1-octanol and water, respectively. R denotes the gas constant (1.987 cal mol -1 K -1 ), T is set to be equal to 273 K, and ∆∆S denotes the entropic difference. By taking the common logarithm of both sides of Eq. (6) and assuming that the entropic term is proportional to ASA, we obtained log P = (-1/2.302RT)(∆∆E -T∆∆S) = -0.800(∆∆E -∑biASAi).
In Eq. (2) for Class I, the coefficient value of ∆∆E is slightly larger than the corresponding value of -0.800 (mol kcal -1 ) in Eq. (7) . This is probably due to the colinearity between the ∆∆E and ASA terms. The coefficient value of ASAi in Eq. (2) divided by 0.800 is nearly the same order of magnitude of that estimated as the slope in the free-energy upon the transfer of amino acid side chains from an aqueous to non-polar environments: 0.022 kcal mol -1 Å -2 -0.026 kcal mol -1 Å -2 (these figures vary to some extent by small changes of the 1019 ANALYTICAL SCIENCES SEPTEMBER 2002, VOL. 18 atomic radii of a solute and of the effective radius of a solvent used in calculating ASA). 17 The statistical qualities of Eq. (2) is very satisfactory.
In Eq. (3) for Class II, its statistical quality is slightly lowered, but is still satisfactory. The coefficient value of ∆∆E is in excellent agreement with -0.800. The coefficient vales of ASAis, except for ASAH, are close to those corresponding in Eq.
(2). Consequently, the correlation equations (Eq. (2), Eq. (3) and Eq. (4)) were physicochemically verified by the fair agreement of the coefficients in these equations with those in Eq. (7) .
The quality of Eq. (5) for Class III is poorer than those for Classes I and II, although it is significant above the 95% level. The coefficient value of ∆∆E was approximately one half of those for Classes I and II. The difference in the coefficient values of ∆∆E between Class III and Classes I and II possibly reflects the amphiprotic nature of the Class III molecules.
These results agree with the fact that the hydrogen donors differ from the non-hydrogen bonders and hydrogen acceptors in the relationships between the measured log P(1-octanol/H2O) and log PCL(CHCl3/H2O) values. 18 It therefore seems probable that non-hydrogen bonders and hydrogen acceptors behave similarly to each other in partitioning, but that hydrogen donors behave differently from the former.
To elucidate the log P value universally, it is necessary to study the detailed nature of hydrogen-donating solutes in a solvent. Such studies will lead to a modified approach that can improve the present prediction of the log P values for hydrogendonating solutes. These studies are currently in progress; the results will be reported in due course. ANALYTICAL SCIENCES SEPTEMBER 2002, VOL. 18 
